ABSTRACT A multiplication-based pulse integration method is proposed for sonar to detect underwater dim target under impulsive noise condition. The method multiplies the received signals in various returns from the target instead of summing them up. The random occurrence of the impulse interference and the nature that a small number near zero multiplies a big number equals to a small number can make huge difference between useful target echo and unwanted impulsive noise. By utilizing the Keystone transform, moving targets can also be detected by the proposed method. Computer simulations and real data analysis show that the proposed scheme is more resistant to impulsive noise, as compared with the conventional additionbased pulse integration scheme. The benefits of this scheme include the improved performance of detection under complex impulsive noise environment, implementation simplicity and flexibility, which indicates the effectiveness and robustness of the method.
I. INTRODUCTION
The extraction of weak signal from complex marine environment is of great interest in underwater acoustic signal processing. As an efficient way to maximizing the signal-to-noise ratio (SNR), integration among different pulses is frequently used to improve the detection ability [1] - [3] . Increased SNR means increased detection probability and decreased false alarm. The improvement of the output SNR is achieved by extending the integration time, and effectively accumulating the signal energy in a coherent processing interval. Most of the existing pulse integration (PI) methods are based on addition operation. Commonly, PI methods can be divided into three categories, based on whether or not the phase information of target's echo is utilized: coherent pulse integration [4] , non-coherent pulse integration (NCPI) [5] , [6] and hybrid integration [7] . By using the phase and magnitude information together, the coherent pulse integration method has the best performance but with high computational complexity and strict limitations on phase alignment. NCPI is easy to be implemented, but has the worst integration performance. Hybrid integration is a compromise between coherent and incoherent integration, its SNR gain is superior to NCPI but inferior to coherent integration.
In the aforementioned PI methods, noise background is always modeled as additive white Gaussian noise (AWGN) to simplify the analysis. For most cases, it is reasonable; for some certain cases, it is not. In real-life applications, there exist many non-Gaussian signals and noises in the dynamic ocean environment, such as marine biological noise, underwater vehicle radiation noise, and many types of man-made noise etc. These noises show an impulsive character, and often cause poor performance for systems optimized under the Gaussian assumption. Algorithms has been proposed to deal with impulsive noise in many fields such as array processing [8] , spectral analysis [9] , wireless communications [10] , and image processing [11] .
Motivated by the previous research, a multiplication-based pulse integration (MbPI) scheme is proposed in this paper to detect underwater weak target in impulsive noise. In this method, noise background is modeled as a mixture of AWGN and impulsive interference, instead of ideal Gaussian model only. To simplify the analysis, the impulsive noise is considered to be a train of randomly arriving impulses. Due to the participation of impulsive noise, the noise statistics will change, and the noise floor will rise accordingly, making the false alarm rate or error probability to an unacceptably high level. Considering the randomness of the impulsive interference, target echo received in multiple pulse periods are combined by multiplication, instead of addition. The proposed scheme is motivated by the fact that the product of many big numbers and a small number (that is, number close to zero) is also a small number near zero. Thus, while the multiplication of target echoes which carry signal power will yield high output, noises will have a much lower magnitudes. The large differences between target echo and noise leads to a much higher threshold to determine a target, which makes the false alarm rate reduced.
The remainder of this paper is organized as follows. In section II, the signal and noise model under consideration is established. In section III, multiplication-based method for detecting static and moving targets from strong impulsive noise is presented. In section IV, computer simulations and real data analysis under various conditions are discussed, and finally, in section V, we present our conclusions.
II. SIGNAL AND NOISE MODEL A. SIGNAL MODEL
Consider a sonar system sending out a series of M pulses. The transmitted pulse is given by
where
is linear frequency modulation (LFM) pulse, T s is the pulse width, µ is the frequency modulated rate, and f 0 is the carrier frequency. Assuming that Q targets exist in the scene, the received signal reflected by the Q targets can be expressed as
where t m = mT p is the slow time, m = 0, 1, · · · , M − 1, M denotes the number of integrated pulses, t k = t − t m is the fast time, T p is the pulse repetition interval (PRI), the subscripts q and m denote the q th target and the m th pulse respectively, A q,m is the fluctuating amplitude, τ q (t m ) = 2R q (t m )/c is the round trip delay, R q (t m ) is the instantaneous range that satisfies
where R q,0 , v q are the initial range and velocity of the q th target, α q = (c − v q )/(c + v q ) is the Doppler scale, c is the sound velocity in water. The complex envelope u(t) of each pulse has finite duration T s < T p .
Consider the q th target, the baseband compressed signal that after down sampling and matched filtering is expressed as
here,
is the amplitude of the baseband compressed signal, B stands for the bandwidth of the transmitted signal, f q,d = (α q − 1)f 0 is the Doppler frequency, and
. In order to accurately match the target echos, the matched filter is designed as a matched filter bank, whose impulse response h(t) is expressed as
where * represents conjugate operation.
B. NOISE MODEL
Background noise n(t) is modeled as the sum of a Gaussian noise component n G (t) and an impulsive noise n I (t), which is
Consider n I (t) is a train of Dirac delta functions occurring at random times and with random amplitude
where, a i is the impulse amplitude which has a relatively larger value than the target echo, andτ i is the impulse occurrence time. Thus, the noise waveform at the output of the matching filter bank n mf (t) is
where ⊗ denotes the convolution operation. Since n G (t) represents the Gaussian noise, which is usually supposed to be uncorrelated with the transmitted signal, the first part of equation (7) will vanish. To describe the impulsive noise quantitatively, signal-tointerference ratio (SIR) is used, which is defined as
where P is the power of the target echo and σ 2 I is the expectation of the impulse interference amplitude.
III. MULTIPLICATION-BASED PULSE INTEGRATION METHOD
In this section, the proposed MbPI is discussed. A modified method, Keystone based MbPI (KMbPI), is also given to detect targets moving with uniformed velocity under impulsive noise environment.
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A. MbPI FOR STATIC TARGETS
If targets in the scene are static, which means v q = 0, α q = 1, and f q,d = 0. Equation (4) can be simplified as
where, τ q = 2R q,0 /c. The total output of the matching filter bank is expressed as
Then, the matched filter bank output is envelope detected by squaring and put into a multiplier which computes the product of the M successive pulses, as follows:
The output of the multiplier Y is compared to a threshold according to every range bin to decide whether the signal represents a target or not:
where Y n is the output of the multiplier for the n th range bin, n = 1, 2, · · · , N , N is the number of range bins per pulse, H 1 denotes the hypothesis that the target is in the scene, while H 0 means that the target is not present in the range bin under consideration.
Because of the random occurrence of the impulsive noise, the possibility that impulses in different pulse periods exist at the same position is very small. Therefore, the noise component of equation (11) is nearly zero. Only if there are M impulsive interference occurred at the same position for the M consecutive integrated pulses, that is τ i,1 =τ i,2 = · · · =τ i,M for a particular i, the multiplication of the impulsive noise will exceed the threshold and be detected as a target, which is an almost impossible situation.
B. KMbPI FOR MOVING TARGETS
When detecting moving targets, the output of the matched filter bank is written as
Equation (13) shows that, the envelope of the target echo would change with the slow time after matched filtering. When the offset exceeds the range resolution, i.e., r = c/2B, the range migration effect would occur, making the signal energy defocused. Thus, MbPI cannot be used directly.
Due to its well-known ability to simultaneously remove linear range migration for all targets regardless of their velocities [12] - [15] , Keystone transform is used to correct the range migration generated by the movement of the target. Although other methods like Radon-Fourier transform (RFT) can also be used to detect moving target [16] , its heavy computation requirement for 2-D searching and its accumulation along the envelope migration direction makes it unsuitable for our integration method to adopt.
Perform Fourier transform on equation (13) over the fast time variable
Rescale the time axis for each frequency by the Keystone transform
Then, we can obtain a new spectrum function
The inverse Fourier transformation of equation (16) is
From equation (17) , it can be seen that range migration caused by target's movement has been corrected. Thus, the received pulses can be integrated by multiplication as shown in equation (18).
IV. SIMULATION AND EXPERIMENT RESULTS
In this section, the effectiveness of the proposed MbPI and KMbPI is demonstrated by numerical simulations and real data collected from anechoic tank experiment. Comparisons with conventional addition-based integration method, AddPI for short, are also given. In the following simulations, without special notification, M = 5. Specifically, the impulsive noise component n I in the background noise is generated independently from the white Gaussian noise component n G . The probability density function (pdf) of the arrival time of n I is set according to the model described in [17] .
A. COMPUTER SIMULATIONS 1) PERFORMANCE OF MbPI FOR STATIC TARGETS
We first evaluate the integration performance of MbPI for two static targets. AWGN is added to the echoes and the SNR is −35 dB. Two strong impulses exist during an integration interval, as shown in Fig. 1(a) . Fig. 1(b) and (c) shows the integration result of MbPI and AddPI respectively. It can be seen that there are two peaks, indicating the declaration of two targets. But, due to the property of addition operation, the amplitude of the impulsive noise is also significant in Fig. 1(c) . AddPI is proposed by the assumption that the background noise is white Gaussian distributed. Once confronted with impulsive interference, its performance will degrade. The impulsive noise would be detected as a target, increasing the false alarm probability. The MbPI can weaken the influence generated by strong impulses in Fig. 1(b) . The operation of multiplication suppresses the unwanted impulse, and makes huge differences between target echo and background noise.
Monte Carlo trials were carried out to explore the accuracy and efficiency of the proposed method. As a comparison, AddPI with the same parameters but different detection threshold is also simulated in this part. The performance comparison of the two methods on detecting target in impulsive noise is shown in Fig. 2 . Owing to the existence of the random impulsive interference, the performance of AddPI deteriorated drastically while MbPI maintains a relatively good performance. Results in Fig. 2 demonstrate that MbPI is superior to AddPI in resistance to impulsive noise. 3 is the performance comparison of utilizing these two methods to detect static target in AWGN background without the interference of impulsive noise. The result indicates that MbPI is also applicable in AWGN only situation. This is because AWGN is also taken into consideration in this paper when modeling background noise. Furthermore, the multiplication of two time-domain signals equals to the convolution VOLUME 4, 2016 of their frequency spectrums, which can be viewed as correlation to some extent. Therefore, the proposed MbPI has a similar detection capability compared with the AddPI when detecting target submerged in AWGN.
2) PERFORMANCE OF KMbPI FOR MOVING TARGETS
In this part, we discuss the detection of moving target scenario. Suppose there are two targets moving with same velocity but with different initial range. Two impulses occurred randomly during one coherent processing interval. The SNR of the received signal is −10 dB. After eliminating the range migration by Keystone transform, the integration results of KMbPI proposed in this paper and AddPI is shown in Fig. 4(a) and (b) respectively. Fig. 4(a) shows that the moving targets and the impulsive noise can be distinguished by setting a proper threshold. In Fig. 4(b) , the amplitude of the impulsive interference is much higher than that of the useful target echo. Strong impulse interference will be falsely detected as target. The existence of impulsive noise makes the performance of Keystone transform severely deteriorated. Fig. 5(a) and (c) shows the matched filter output in fast-frequency/slow-time domain before and after Keystone transform respectively, without the presence of impulsive noise. Fig. 5(b) and (d) shows the matched filter output in fast-frequency/slow-time domain before and after Keystone transform, with the existence of impulsive noise. Through the comparison between (a) (c) and (b) (d) of Fig. 5 , we can see that although Keystone transform can eliminated the coupling between range and Doppler due to linear range migration of the targets, it also changes the spectrum distribution of the impulsive noise, which in turn makes the Keystone transform malfunctioned.
Monte Carlo simulations were performed to analyze the influences of SIR on the detection probability of detecting moving target by using KMbPI with and without the impulsive interference, as shown in Fig. 6 and Fig. 7 respectively. AddPI with Keystone transform method is also simulated in this part as a comparison. Obviously, KMbPI we proposed in this paper performs better than AddPI with Keystone transform in distinguishing target from strong impulse background noise. It also has a very close performance to the AddPI in AWGN where impulse interference is absent. 
B. ANECHOIC WATER TANK EXPERIMENT
To further illustrate the performance of MbPI, real data obtained from anechoic water tank experiment were used. The experiment was carried out in a cylindrical anechoic tank which is 12 m tall and 8 m in diameter. Due to the limitations of experimental conditions and lack of appropriate experimental equipment, two hydrophones were used as the projector and the receiver respectively. Ignoring the projector and assuming the receiver acted as a transceiver, the signal received by the receiver can be viewed as the echo reflected from a virtual target 3 meters away from the receiver, as shown in Fig. 8 . The projector transmitted LFM pulse every 1 second, and the receiver recorded the LFM pulse as the target echo. The parameters of the transmitted pulse are as follows: f 0 = 30 kHz, T s = 100 ms, B = 20 kHz, PRT=1 s, M = 4. The detection performance of the proposed MbPI method on real data is given in Fig. 9 . Real data obtained from anechoic water tank experiment is shown in Fig. 9(a) . Impulsive interference is added in the experimental data artificially. Reverberation is not taken into consideration in this paper to emphasize the influences of strong impulse interference. From Fig. 9(b) , we can see that, by using MbPI, the interference is sufficiently suppressed and the target echo is accumulated efficiently to form a peak. In Fig. 9(c) , although the target is detected by AddPI, the interference is also detected as target which results in high false alarm rate.
V. CONCLUSION
In this paper, we have addressed the impulsive interference problem for the detection of underwater dim target. Considering the complex underwater conditions, background noise is modeled as the mixture of white Gaussian noise and impulsive noise. To detect target from strong pulse interference, multiplication-based integration scheme is proposed. Utilizing the property of multiplication operation and the randomness of pulse interference, the MbPI multiplies signals received in various pulses within one coherent processing interval, instead of adding them. By the use of multiplication, large unwanted noise is suppressed by small signal and be surpassed by the desired target echo. In order to detect moving target in impulsive noise, KMbPI employs Keystone transform to correct range migration. Compared with the conventional addition-based integration method, MbPI and KMbPI can also be used in white Gaussian noise conditions. Its anti-impulsive-noise performance is superior to the AddPI. Although KMbPI requires a higher application environment to combat impulse interference, it has a better performance than AddPI with Keystone transform. Computer simulations and real data analysis testified the effectiveness of the proposed method, and shows that the method significantly outperforms the conventional method under strong impulsive noise situation. Even though the addition-based method can improve its detection performance by increasing the integration time, it is unpractical for underwater target detection due to its time-varying environment. It should be noticed that, for simplicity, constant amplitude of the echoes is adopted in simulations. In real applications, the fluctuation of the echo amplitude is inevitable and the detection performance of the proposed methods may decrease accordingly. However, the fluctuation of echo amplitude does not affect the rationality of the proposed method.
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